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ABSTRACT 

The intermittent contact problem is important in many 
pipe whip studies, specially as to the safety of nuclear 
reactors. The impact concept adopted here is that of 
instantaneous impact, so that at the time of impact the two 
impacting structures instantaneously acquire the same velocity 
in the impact direction. Energy is dissipated by some 
mechanism whose spatial and temporal scale is small compared 
to these scales in the discrete model. This dissipation is 
associated with local plastic deformation. Different solutions 
are presented for solving this problem. The first one is a 
generalisation of the modal superposition method , when the 
nonlinearities of the structure are only dued to impact 
between structural components ; the other one are included in 
a step by step time history and can take in account 
geometrical nonlinearities and of behavior. 
Some industrial applications in nuclear technology are 
presented. 
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0. INTRODUCTION 

This paper deals with the intermittent contact problem 
in piping syterns. Two different solutions are presented to 
perform this problem. 
The first one» direct integration method, is quite general 
and provides for handling various kinds of nonlinearities as 
nonlinear behavior, large displacements, impact, ... This 
method is a very good tool for the knowledge of the local 
behavior of the structure for example the 1.0CA analysis of a 
reactor coolant loop system. But the computer cost can be too 
high for the analysis of a large system. To reduce this cost 
we present a generalization of modal superposition method, 
which takes in account the impact problem but not the others 
kinds of non linearities. 
This second option is very efficient for global analysis of 
large system as seismic analysis of primary loops of PUR 
nuclear reactor when we wish to know the global behavior of 
all the components (steam generator, primary pump, ) and 
the interaction between them. 

I. ACCOUNTING FOR IMPACT PROBLEMS IN DIRECT 
INTEGRATION SCHEMES [l] 

1.1. Introduction 

The structural environment of piping systems must often 
be designed to support the impact of a whipping pipe. This is 
particularly the case in nuclear industry, for safety 
purposes : 
For example, concrete walls or steam generator pipes should 
not break when hit by another pipe. The designer can be 
interested er.th.er by the impact force or even by the behavior 
of the impacted structure. Therefore special algorithms are 
developped in order to include these conditions in a dynamic 
transient analysis. Moreover, it is advisable to account for 
plastic behavior in the contact areas. 

1.2. Explicit method 

The mest straight forward way to ccpe with impact 
problems is to treat the impact in an explicit way : If the 
structural displacements U must check some condition : 

AU > C (1.1.) 
a usual step by step dynamic calculation will 1 >ad to a 
breaking of the above inequality. Then the speeds will be 
imposed to verify : 

AU - 0 
and impact forces corresponding to the variation of momentum 
will be introduced for the next step calculation. 
Such a method supplies good results only for a very small 
time step, which must be inferior to the smallc.sL eigenperiod 
of the structural element s in contact. 
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1.3. Method based on contact elements 

The possibility of impact between two structures or 
between a structure and a rigid support is accounted for by 
the introduction of a contact bar element which is activated 
when inequality (I.I.) is broken, and which works only in 
compression. This O c multiplied by the element cross-section S c 

gives the impact force. This force can be incorporated in the 
dynamic algorithm in an explicit or implicit way : 
Before impact, displacement are computed as follows : 

AU » L-l [G[U (tn-l), Ù (tn-1)] + F (tn)] 
U (tn) - U (tn-1) + AU 

where F are the known exterior forces at tn and L is a dynamic 
operator involving stiffness and mass matrices» dependent to 
the chosen time-integration scheme. 
Explicit algorithm : If AU (tn) < C, then compute the impact 
force fi (tn) * Sc x 0 C (tn) 
where 0c (tn) is calculated from the displacements U (rn) 
then : f 1 

AU » L"1 | G [U (tn), Û (tn)] + F (tn + I) + fi (tn)| 
This algorithm has of course the same drawback as the one 
presented in 1.2. 
Implicit algorithm : Equilibrium at tn + I should be calculated 
with bi (tn + 13, which depend upon the unknown AU : . 

AU - L-l [G [U (tn), Û (tn)] + F (tn + 1) + fi (AU)] 
U (tn + 1) is obtained by solving iteratively the following 
system : 
(L + a k) AU J + » - G [U (tn), Û (tn)] + F (tn + I) + fi (AUJ) 
+ a k AUJ 
where j denotes the j-th iteration and a k is a fraction of 
the stiffness k of the contact element ; a = o corresponds to 
the previous explicit algorithm. A choice of a between 0.5 
and 1 enables much larger time steps. 

1.4. Method based on Lagrange multipliers [2J 

The conditions AU £ C are introduced in the equilibrium 
by means of Lagrange multipliers A such that the impact forces 
can be written : 

bj » Afc À 
The A .are determined at time tn by the conditions : 
A L-l [ G U (tn-1), U (tn-1) + F (tn) + A 1 A (tn)]* 
C -AU (tn-1) 
Solutions to this system are found by optimization techniques. 
The main advantage of this method is to be fully implicit, if 
the time integration scheme has been chosen so. 

1.5. Special features of piping finite elements 

The above described methods have been implemented in the 
program TEDEL [4] of the CEASEMT finite element system [i] , 
for the calculation of pipe whipping. Such calculations involve 

<? 



geometrical non linearities such as large displacements and 
non conservative loads» and material non linearity, which is 
treated economically by the global method fs) . Special 
attention has been paid to piping elbow elements because of 
their increased flexibility due ro the ovalization of the 
cross-section. 
A first method consists in calculating a flexibility factor 
[7] : h - 1.65 x r^ 

eR 
where' e is the pipe thickness, r the pik radius and R the 
bend radius. 
This method is valid in elasticity. For plastic and creep 
calculations, a special elbow element has been developped 16J : 
The strains are computed at some points distributed ail over 
the element cross-section ; these strains depend not only upon 
the global displacements of the element (longitudinal 
displacement, end rotations, etc.) but also on local 
displacements describing the ovalization of che cross-section. 
These local displacements are expanded in Fourier series, the 
coefficients of which become the new unknowns. A strain energy 
minimization over the element enables expressing these local 
displacements u in terms of the usual beam element global 
displacements U 

KM K12 
K21 K22 

then tan - KJ2K22" 1 K2l) U = K'U - F 
K' denotes the stiffness matrix of the elbow element-
In plasticity, the state of stresse- is computed at each point 
over the cross-section and compared to the yield stress. 
Plastic strains are then computed when necessary and the 
correcting plastic forces are calculated by integration over 
the cross-section. 
The equations are written in an incremental form : 

/KM K| 2\ /AU\ _ /AF\ /ARP\ U21 K22/ \Au/ ' W \ArP/ 
then (Kn - K]2 K22" 1 K21) AU - AF + (ARP - K|2 K 2 2 - ' A*P) 
With this method, it is possible to describe the variations 
of the plastic area of the cross-section, and to account for 
local loads like thermal gradients over the cross-section. 

2. NON LINEAR MODAL SUPERPOSITION METHOD 

This method is a generalization of the well known modal 
superposition method and takes in account the nonlinearities 
dued to impact between structures [8] . The natural 
frequencies and mode shapes for the nonlinear structure are 
obtained by one of the classical methods : Jacobi method, 
Householder method or inverse power method with shift). We 
can use also the Guyan reduction method. These frequencies 
and mode shapes represent the reference state of the nonlinear 
structure. During the time history analysis, as the nonlinear 

: ) ( : ) • ( : ) 



behavior comes into action, the time frequencies and mode 
shapes change. The effect of the variation of time frequencies 
and mode shapes from the original ones is represented by 
pseudo-forces on the right-hand side of the equation of 
mot ion [9]. The generalized equation of motion of a structure is:/.-"/. 

M X + C„i i + K nj X - F (2.I.) 
where M is a mass matrix, C„j is a nonlinear damping matrix, 
dependent upon velocity and displacement, K nl is a nonlinear 
stiffness matrix, dependant upon displacement,X, X, X, F are 
displacement, velocity, acceleration and applied force vector, 
respectively. Let C nl « C + C (2.2.) and K„i - K + K (2.3.) 
where C and K are the damping and stiffness matrices 
representing the reference state of the structure. C and K are 
the'damping and stiffness matrices dependent on the velocity 
and displacement. Substituting (2.2.) and (2.3.) in equation 
(2.1.) gives:, M X _ + C X + K X = F - F nl (2.4.) 
where F ni » C X • K X • pseudo force vector (2.5.) 
Because the source of impact behavior is restricted to a small 
portion of the structure, only a small number of finite 
elements with nonlinear properties are used to model the 
structure. The matrices C and K are sparse, therefore, and the 
cost of calculation of the pseudo force is small if computations 
are performed at element level. The homogeneous, undamped 
equation of motion representing the reference state of the 
structure i s : M X + K X = 0 (2.6.) 
Let [w] and £$3 be the natural frequency and normalized mode 
shape matrices associated with equation (2.6.). The 
transformation : X = * q (2.7.) 
is substituted in equation (2.4.) pre multiplied by $ . Then 
employing the orthogonality relations expressed by : 

* T M * « [ij ; and *fc C * = [2£jU>j] 
the resultirg modal equations be coir e 

[q]+ [2ÇjUj] q + [u)j23 q - Q - Q n l (2.8.) 
where Çj • percentage of the critical damping for the j t n e 

mode 
Q » $ f c F the generalized applied force vector 
Qnl s * f c ^nl 'he generalized pseudo force vector 

Arrays [q] , (q] and [q'T are the modal displacement, velocity 
and acceleration vector respectively. The generalized pseudo-
force vector is a function of displacement and velocity. 
For a given time step, it can be approximated by the Taylor 
series as follows : 

[Qnl] t » £ I <£ [Qnl] T (t"T) k (2.9.) 
k! dtk 

Equation (2.8.) represents a set of uncompled equations. These 
equations are integrated analytically to eliminate numerical 
damping or frequency distortion during integration. For must 
pratical applications, only the first two terms of the Taylor 
series are included. For a given time step, modal equations 
of motion are integrated analytically. Then the displacement 
and velocities of the node» associated with the nonlinear 
elements are calculated. Thi» information is used to calculate 
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the generalized pseudo-force vector and its time derivatives. 
The nodal equations are then integrated for the next time step. 
In this analyse, impact behavior is confined to bodies 
impacting one another at fairly low velocities. During the 
impact a small amount of plastic deformation takes place. All 
of the elastic strain energy is restored during the impact 
while the plastic strain energy is lost. To simulate this 
behavior, the relative motion of two impacting bodies is often 
represented as half of a damped sine wave, according to the 
Xelvin-Voigt model. The damping parameter in this model is 
determined to approximatively represent the loss of plastic 
strain energy. The equation of motion governing the period of 
contact during a single impact between a mass and a fixed body, 
in the absence of any other excitation is : 

n x + e x • kx •- 0 (2.10.) 
where c is a constant coefficient of viscous damping and k is 
a linear spring-constant presume to mach the force-approach 
law. : 
The damping force c x and the spring force k x in equation 
(2.10.) are combined and the total force F ( = c x + k x) is 
plotted as a hysteresis loop. The area inside the loop 
represents the energy loss during the impact : 
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The impact behavior is represented by the element shown in the 
figure below in the finite element model of a structure. 
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The main advantage of the nonlinear modal superposition method 
is a lower cost than the direct integration method. Also we 
can analyze large piping system with this snethod : when we wish 
know only the global motion of the components of the system 
as seismic analysis of primary loops of P.U.K. nuclear reactor. 

3. INDUSTRIAL APPLICATIONS 

We present some examples of application in nuclear 
technology of these two methods. The first one is a comparaison 
between the two algorythms on a LOCA analysis of piping 
system*.. The second one is a study of pipe break and the 
experimental results are in good agreement with the numerical 
results.obtained by the first method. 

3.1. Application 1 

This first application has been solved by the two methods 
with different hypothesis : 
1) Only the impact non linearity is taken in account. 

We have solved this problem with the step by step method 
and with the nonlinear model. 

2) The behavior of the pipe is elasto-plastic but the 
displacements are small. 

3) We consider elasto-plastic behavior of the pipe and large 
displacements. 

The two last hypothesis have been solved with the proposed 
step by step method. 
All the caracteristics of the problem are given below 

klo 
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1,73 10 6 bars 
0,33 

86,1 cm e 6,22 m 
274000 dN, F y = 588000 dN, k = I,A 10» dN/cm 

136,17 cm § » 50' 

Results of the impact force are plotted on the figure n I for 
the direct integration method. 
We can see a good agreement in the first case between the two 
proposed methods. 
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3.2. Application 2 

The numerical analysis is performed with nonlinear 
behavior of the pipe (elasto-plastic behavior, large 
displacements). The ovalisation of the elbow during impact is 
taken in account by a nonlinear spring, the caracteristics of 
which are obtained from experimental results which are 
determinated the relationship between applied face and elbow 
yielding. 
Hechasical caractérisées and geometry of pipe are indicated below. 

430 nun Ï" 
J2iX) mm 

E « 18000 hba 
V a 0,33 
Oy a 15,5 hba 
Ou • 47,5 hba 
e u 

3S 25 Z 

Target support 
fr>y load c e l l s 
*•*" 

Figure 2 
Two tests of pipe whip and impact on a rigid structure were 
performed on AQUITAINE 2 facility [9]. The test sections were 
built-in pipes ended with an elbow and made out of austenitic 
stainless steel - AISI 316 !.. The dimensions of pipes were 
3 schedule 80S and the elbow bending radius was 1.5 d. 
Operating pressure and temperature were 16.5 MPa and 320° C-
pipe break was initiated by a pyrotechnical device (break ' 
opening time lower than one millisecond). The rigid s ructure 
was supported by four load cells (resonant frequency of the 
structure higher than 6 KHz). The gaps between the pipe and 
the structure were 0.180 m and 0.270 m, respectively • the 
impact took place on the elbow mid-point. 
Moreover, a static crush test was performed on a elbow for 
determination of the relationship between applied load and 
elbow yielding. 
Numerical results and experimental data are plotted on the 
figures 3 and 4 for the impact force in the test I (gap : 
0.J8 m) and test 2 (gap : 0.27 m). A good agreement can be 
observed between the two kinds of results. 



se 
J* 

Id 
OS O 

4& 

yf 
A A A 

^ 
#% A 

• 1 

A * 

< 
AAA 

« K A - J 

TIME (MS) 
EXPERIMENT 
CALCULATED IMPACT LOAD 

Figure 3 Calculated and experimental impact load (gap 
0,180 m) 
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